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According to a commonly held view of spontaneously broken symmetry in gauge theories, trou-
blesome Nambu-Goldstone bosons are effectively eliminated by turning into longitudinal modes of a
massive vector meson. This note shows that this is not in fact a consistent view of the role of Nambu-
Goldstone bosons in such theories. These particles necessarily appear as gauge excitations whenever
they are formulated in a manifestly covariant gauge. The radiation gauge provides therefore the
dual advantage of circumventing the Goldstone theorem and making evident the disappearance of
these particles from the physical spectrum.
The impact of spontaneous symmetry
breaking on current understanding of the
structure of particle physics has been noth-
ing less than remarkable. In three pa-
pers Englert and Brout [1], Higgs [2], and
Guralnik, Hagen, and Kibble [3] showed
that spontaneously broken symmetry leads
to the massification of gauge fields. The
troublesome issue of the massless Nambu-
Goldstone (NG) boson, long known to be
a severe constraint on such theories, was
dealt with in Ref.[3] (GHK) by using the
radiation gauge formulation of the theory.
This approach rendered the Goldstone the-
orem inapplicable and led to an explicit
proof of the absence of massless modes.
A covariant gauge was employed in Ref.[1]
and the issue of NG bosons was not consid-
ered. Higgs [2] did not specify a gauge, but
would have encountered NG bosons had a
covariant one been used. However, conven-
tional wisdom seems collectively to have
concluded that the NG boson issue simply
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disappeared in the context of Refs.[1] and
[2].
According to this view the NG boson is-
sue has conveniently vanished by its be-
ing transformed into the longitudinal mode
of the massive vector meson and thereby
becoming no longer an object of interest.
Perhaps the earliest expression of this view
is that of Anderson [4] who stated some-
what prior to the above referenced work
on symmetry breaking that “...while the
boson which appears as a result of the the-
orem of Goldstone and has zero unrenor-
malized mass is converted into a finite-
mass plasmon by interaction with the ap-
propriate gauge field, which is the electro-
magnetic field.” Fifty years later the Nobel
Committee [5] stated “The Goldstone the-
orem holds in the sense that that Nambu-
Goldstone mode is there but it gets ab-
sorbed into the third component of a mas-
sive vector field.” This assertion seeks to
lay to rest the issue of the NG boson neme-
sis by saying that just as in GHK which
accomplishes this by an explicit display of
the entire spectrum, so also does the new
manifestation as a longitudinal mode elim-
inate the NG boson as an ongoing concern
of the theory. It is shown in what follows
that that is not a valid view and that a
massless gauge particle necessarily remains
in the theory. A brief review of the simple
model which was considered in Refs. [1-3]
is given below.
The fields that describe the system are
(in the notation of GHK) the gauge fields
F µν and Aµ together with Hermitian spin
zero fields described by ϕi and ϕ
µ
i (i =
1, 2). After the imposition of the broken
symmetry condition, the equations of mo-
tion reduce to
F µν = ∂µAν − ∂νAµ
∂νF
µν = ϕµη
ϕµ = −∂µϕ− ηAµ
∂µϕ
µ = 0
where
η =
(
η1
η2
)
.
Taking η2 = 0, with no loss of generality,
in the radiation gauge the equations for ϕ1
and ATk take the form
(−∂2 + η21)ϕ1 = 0
and
(−∂2 + η21)A
T
k = 0
where the superscript T denotes the trans-
verse part. The two degrees of freedom
of ATk together with ϕ1 comprise the three
components of a massive vector field. The
ϕ2 field is readily given a mass through a
suitable “Mexican hat” potential or by it-
eration to higher order. It may well be em-
bodied by the recent discovery at the LHC
of a particle of mass 125 GeV, but is not
relevant to the task of identifying the role
of the NG boson.
The Green’s function of the ϕ1 field is
determined using the equation for the di-
vergence of F µν to obtain
−∇2A0 = ηϕ01
and thus that
ϕ01 = (1−
η21
∇2
)−1(−∂0ϕ1).
The equal time commutator
[ϕ01(x, ϕ1(0)] = −iδ(x)
then implies that the propagator
G(x) ≡ i〈0|(ϕ1(x)ϕ1(0))+|0〉
satisfies the equation
(−∂2 + η21)G(x) = (1−
η21
∇2
)δ(x).
Its Fourier trasform G(p) is thus given by
G(p) = (1 +
η21
p2
)
1
p2 + η21 − iǫ
.
Of particular interest is the time ordered
product
Gµ(x) ≡ −〈0|(ϕµ1(x)ϕ(0))+|0〉
which is readily seen to satisfy the diver-
gence condition
∂µG
µ(x) = iδ(x).
In a covariant gauge, Gµ(x) must simply be
the four-dimensional gradient of a scalar
function, and it follows that its Fourier
transform is simply
Gµ(p) =
pµ
p2 − iǫ
.
Higgs [6] assumes (erroneously) that local
charge conservation implies that in the ra-
diation gauge there exists a globally con-
served charge operator. This in turn re-
quires the imposition of unneeded condi-
tions on the form of Gµ(p). The temporal
component of this function in the radiation
gauge follows immediately from the rela-
tion between ϕ01 and ϕ1. The spatial com-
ponents obtain from the observation that
they must be the components of a gradient,
which together with the divergence condi-
tion on Gµ, yields
Gµ(p) =
(
pk(1 +
η21
p2
), p0
)
1
p2 + η21 − iǫ
.
This is readily seen to satisfy the diver-
gence condition, but this time without the
appearance of a NG boson.
In sum this shows that massless particles
necessarily remain in a covariant formula-
tion of the problem. These have not (as so
frequently misstated) been subsumed into
the massive vector meson as its longitu-
dinal component. These zero mass parti-
cles comprise an essential part of the ex-
citation spectrum of the fields that define
the model. That they are in fact harmless
gauge excitations follows from the gauge
equivalent demonstration in GHK of their
absence from the physical spectrum.
Appendix
To facilitate comparison of the above re-
sults with those of Ref.[2] a number of com-
ments are in order concerning the conse-
quences of gauge choice. One notes that
the identification of ϕµ1 with B
µ, and F µν
with Gµν yields the set
∂µB
µ = 0
∂νG
µν − η21B
µ = 0
of Ref.2. While the existence of massive
vector mesons implied by these equations
together with the remaining scalar degree
of freedom might be thought to comprise
the entire content of the action, this is
in fact not the case. As shown explicitly
above theremust exist massless gauge exci-
tations in any manifestly covariant gauge.
For the classical gauge theory explored in
Ref.[2] there is the possibility of a massless
excitation that depends on the choice of
boundary conditions. On the other hand
for a quantum description the commuta-
tion relations require a massless excitation
if the gauge is chosen to be manifestly co-
variant. This excitation is pure gauge and
hence does not affect physically measur-
able results. This problem does not arise
in the radiation gauge, and therefore makes
it a compelling choice. However, this does
not eliminate the need to demonstrate the
absence of massless gauge particles from
the physical sector of the theory when a
covariant gauge is employed.
The necessary occurrence of such zero
mass excitations in a covariant gauge fol-
lows from the fact that the vanishing of
the divergence of Bµ(x) allows additional
solutions which differ from any given so-
lution by the addition of a gradient term
∂µw(x), as long as ∂2w(x) = 0. While clas-
sically Bµ(x) can be chosen so as to elim-
inate zero mass excitations, the Goldstone
theorem (which comes into play in mani-
festly covariant theories) allows no easy es-
cape. Specifically, it requires in the current
context that
〈0|
∫
dx[B0(x, t), ϕ(0)]|0〉 = −i,
a condition that can only be satisfied for
arbitrary t if Bµ and ϕ have a massless
particle in their spectra. This observation
is not made in Ref.[2], and while the zero
mass particle is not physical, it must nec-
essarily be present (not ”eaten” as stated
in [5]). This result is not new, having been
recognized by GHK [3] and the massless
gauge excitations have been mentioned in
separate works by Kibble and by Wein-
berg[7].
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